INTRODUCTION
An oxide layer always forms on the surface of sili con quite quickly: within several minutes of storage in air [1, 2] . The thickness of this layer depends on the orientation of the single crystal and, for silicon with the (100) orientation, reaches 4-5 nm [1] . Internal elastic stresses, which can change the physical mechanical properties of the material, form near the SiO 2 /Si interface [3] . For example, it is well known [4, 5] that the microhardness of nanostructured mate rials with an extensive network of interfaces is very high and can reach 50 to 70 GPa. The surface harden ing of single crystal silicon has been known for a long time [6, 7] ; however, the mechanism of this phenome non has not yet been definitively established.
Therefore, the aim of the present study is to inves tigate the possible influence of a SiO 2 surface layer on the strength characteristics of single crystal silicon by the indentation method.
EXPERIMENTAL
The parameters of the investigated samples are given in the table. Silicon oxide was grown on KEF 4.5 silicon with the (100) orientation under industrial conditions at a temperature of Т = 1200°C using the standard technique "dry oxygen-wet oxygen-dry oxy gen" (samples 1 and 2) or in "dry" oxygen (sample 3). The oxide thickness determined ellipsometrically var ied between 0.2 and 0.5 μm. Microindentation was performed on a PMT 3 instrument using the standard technique at room temperature. A tetrahedral pyra mid diamond tip with a square base and a vertex angle of α = 136° was used as the indenter. The indentation load Р was varied from 0.05 to 2 N. For every measure ment, no less than 50 impressions were made on the sample, and the results were processed using tech niques of mathematical statistics [8] . This ensured an microhardness measurement (Н) error of less than 2.5% with a confidence probability of 0. tleness was determined by the standard five point grading scale method [9] . The fracture strength was determined using values of the fracture toughness coefficient К 1С and effective fracture energy γ, which were calculated from the mean length of radial cracks at indentation angles by the formulas [10] :
where Е is Young's modulus (1.5 × 10 11 Pa for silicon) and L is the crack length. The measurement error did not exceed 8%.
EXPERIMENTAL RESULTS AND THEIR DISCUSSION
It was discovered that the microbrittleness of SiO 2 /Si microstructures is lower (by about a factor of 2) than that of single crystal silicon. The proportion of fractured indentations was no greater than 2 to 3% even under an indentation load of 2 N. It should be noted that 10 to 20% of fractured indentations is usu ally observed under this load with silicon grown by the Czochralski technique. The obtained results make it possible to suggest that the investigated films of ther mal silicon oxide stabilize stresses arising during indentation.
Under loads of 1 and 2 N, the boundaries of the indentations are sharp. Under loads of 0.1 to 0.5 N, it can be seen that the impressions have a barrel like shape, which is most pronounced for sample 3. This indicates that there are tensile stresses due to the lat tice mismatch between silicon and its oxide near the SiO 2 /Si interface. The SiO 2 microhardness, deter ( )
mined under a minimal load of 0.05 N, depended upon the conditions of oxide synthesis and varied within 7.3 and 9.1 GPa, which was somewhat lower than the microhardness of single crystal silicon. The fracture toughness coefficient К 1С and effec tive fracture energy γ decreased when the indentation load was increased, just as observed with the initial unoxidized silicon ( Fig. 1 and table) . The presence of an oxide on the wafer surface lead to an increase in the fracture strength by a factor of ~2 under small loads applied to samples 1 and 2 ( Fig. 1) . For example, the average crack length increased from ~1.5 μm, under a load of 0.1 N, to ~19 μm, under a load of 2 N, which is a bit lower than L values for single crystal silicon of the KEF 4.5 type [11] .
The nonmonotonic character of the dependence of the microhardness on indentation load Н(Р), passing a maximum at a load of Р = 0.5 N, was found (Fig. 2) . With further increasing load to 2 N, the microhardness of all of the investigated samples decreased to values within 10.7 and 10.9 GPa, typical of bulk single crystal silicon. The maximal Н value was observed on the sil icon side near the SiO 2 /Si interface and corresponded to an indenter penetration depth into silicon of ~0.3-0.5 μm depending on the conditions of oxide synthe sis. This is evidence of the strengthening of a layer with a thickness of up to 0.5 μm near the SiO 2 /Si interface. The obtained experimental data correspond well to calculated values for the thickness of a strengthened layer in silicon, reported in work [6] , where it was shown by theoretical modeling that, near the silicon surface, there is a thin strengthened layer with a thick ness of 0.1 μm, in which the microhardness can reach 30 GPa. It should be noted that, under small loads (0.1-0.5 N), considerable broadening of the random distri bution of the microhardness was observed. With decreasing indentation load, the Н distribution width increased from 3% (under 2 N) to 10% (under 0.2 N). Under a minimal load of 0.1 N, a distribution with two closely situated maxima was observed for almost all studied samples. This is evidence of the formation of regions in which defects with sizes comparable to the size of the indentation produced by the mentioned loads (~1 μm) accumulate in the oxide and near the SiO 2 /Si interface during oxidation.
Therefore, experimental data indicate a nonmono tonic change in the microhardness of the SiO 2 /Si structure. The microhardness near the SiO 2 /Si inter face is much higher than that of both bulk silicon and its oxide. The investigated structures contain layers with differing microhardness; for this reason, in the following analysis, we use the concept of layer micro hardness, according to which H L is the microhardness averaged over the thickness of a layer passed by an indenter with successive increase in indentation load (from 0.05 to 0.1 N, from 0.1 to 0.2 N, etc.). To estimate the numerical values of the layer microhardness near the SiO 2 /Si interface, experimental Н(Р) curves were recalculated using the following equation [6] :
where is the microhardness of the ith layer; Н i and h i are the microhardness and the indenter penetration depth obtained under the ith load from a discrete series (Р = 0.05, 0.1, 0.2 N, etc.). The results of calculations are presented as histograms in Fig. 2 . For all studied samples, the value is maximal near the SiO 2 /Si interface, decreases with distance from it, and reaches a steady value of ~9.5 GPa (the same for all samples).
The obtained experimental data indicate that, on the silicon side near the SiO 2 /Si interface, there is a strengthened layer with a thickness of 0.2-0.4 μm depending on the conditions of oxide growth. The value near the SiO 2 /Si interface is greater than the microhardness of bulk silicon by a factor of 2 to 3.5 (Fig. 3) . These data agree well with the results of theo retical modeling carried out in work [6] , where it is shown that the microhardness of a surface strength ened layer in single crystal silicon can reach 30 GPa.
We can, therefore, confidently state that the effect of surface strengthening of single crystal silicon is due to the strengthening action of the "native oxide-sili con" interface. The strengthening of silicon near the SiO 2 /Si interface can be caused by several differing reasons. For instance, it can arise because of the pres ence of a space charge region near the SiO 2 /Si inter face due to surface states. The possible influence of surface states on the temperature dependence of microhardness was studied theoretically in [12] . On
H the other hand, the observed strengthening can be induced by fields of elastic stresses arising near the SiO 2 /Si interface due to lattice mismatch between sili con and its oxide. These stresses hinder the removal of material from under the indenter [13] . However, as follows from estimation of the dimensions of the space charge region determined by the Debye screen ing length, the distances at which deformation fields can be significant, and comparison between them and the sizes of experimentally established strengthened layers, these factors do not have a crucial effect on the physical mechanical properties of silicon near the SiO 2 /Si interface under the considered conditions. From our viewpoint, the most probable reason for the formation of a strengthened layer is interstitial sil icon atoms (I) formed near the SiO 2 /Si interface dur ing silicon oxidation [14] . It is well known that inter stitial defects strengthen silicon single crystals [15] . Accumulations of such defects (with sizes smaller than 1 μm) near the SiO 2 /Si interface is confirmed by anal ysis of the shape of the microhardness random distri bution, in which there were two closely situated max ima. This hypothesis is corroborated by the fact that the microhardness of the strengthened interfacial layer H L in structures containing an oxide grown in "dry" oxygen (sample 3 in the table and Fig. 3c ) is greater than that of an oxide grown via a "dry-wet-dry" scheme by a factor of 1.5 to 1.8 (samples 1 and 2 in the table and in Figs. 3a and 3b) . As is well known, the resulting oxide is more "porous" when it is grown in "wet" oxygen, since it contains a greater number of vacancy type defects serving as sinks for interstitial sil icon atoms [16] . Intrinsic interstitial Si atoms diffuse into these sinks, which results in a lower concentration of them near the SiO 2 /Si interface and, accordingly, lower microhardness H L of the strengthened interfa cial layer (Fig. 3) .
CONCLUSIONS
It was demonstrated experimentally that a strengthened interfacial layer with a thickness of 0.2-0.4 μm and a microhardness of 20-35 GPa, exceeding the Н value typical of bulk single crystal silicon, exists near the SiO 2 /Si interface. The thickness and micro hardness of this layer depends on the oxide growth conditions. Most probably, formation of the strength ened layer is caused by interstitial silicon atoms formed near the SiO 2 /Si interface during silicon oxi dation.
